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Abstract  
Liquefaction was one of the primary causes of severe ground 
deformation during the 2018 Palu earthquake, particularly in the 
Petobo area, where large-scale flow liquefaction resulted in 
extensive ground displacement. Despite extensive field 
investigations, laboratory-based residual shear strength data for 
Petobo soil had not been available to explain the exceptional mobility 
of the flowslide. This study investigated the stress-strain response 
and post-liquefaction residual strength of Petobo silty sand with 
variable fines content using monotonic consolidated undrained (CU) 
triaxial tests. Reconstituted specimens were prepared using the 
moist tamping method with fines contents of approximately 9% and 
26.4% and tested under three levels of initial mean effective stress. 
The results showed that specimens with higher fines content 
generated excess pore water pressure more rapidly and exhibited 
stronger contractive behavior at small strains. At large strains, 
however, both fines contents mobilized comparable residual strength 
levels, expressed as normalized residual strength ratios (qres/p’0) 
ranging from 0.79 to 0.94. These findings indicate that while fines 
content influenced early-stage contractive behavior and pore-
pressure generation, its effect on post-liquefaction residual strength 
under very loose density conditions was limited. The residual shear 
resistance was primarily governed by the loose sand fabric and the 
effective stress level at the stabilized post-peak condition. This study 
provides the first laboratory-based residual shear strength data for 
Petobo silty sand, offering essential parameters for back-analysis, 
numerical modeling, and liquefaction hazard assessment related to 

flow-type deformation in Palu and similar alluvial environments.  
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INTRODUCTION 

Liquefaction is one of the primary causes of 
severe infrastructure damage during major 
earthquakes. During the 2018 Palu earthquake, 
the Petobo area experienced one of the most 
destructive cases of flow liquefaction ever 
recorded, resulting in large-scale ground 
displacement and the devastation of residential 

areas and public facilities  [1, 2, 3]. This event 

involved complex subsurface mechanisms, 
including confined aquifers, stratified layers, and 
undissipated pore-pressure migration [4][5] 
thereby highlighting the need for detailed 
laboratory investigation of the affected soils.  

Although the Petobo flowslide has been 
widely studied from geomorphological, 
hydrological, and stratigraphic perspectives  [1, 6, 
7, 8] no published study has reported laboratory 
measurements of post-liquefaction residual shear 
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strength for Petobo soil. Residual strength 
governs the runout distance of liquefied masses 
and represents a critical mechanical parameter 
controlling whether deformation stabilizes or 
evolves into catastrophic flow failure. The absence 
of site-specific residual strength data has 
therefore limited the reliability of back-analyses 
and hazard assessment in the Palu region. 

In general, loose saturated sands are highly 
susceptible to liquefaction due to their contractive 
behavior, rapid pore-pressure buildup, and 

consequent loss of effective stress  [9, 10, 11]. The 

presence of fine particles further complicates this 
response. Non-plastic fines at low contents may 
accelerate pore-pressure generation and reduce 
liquefaction resistance, whereas higher fines 
contents can enhance packing density and 
partially improve resistance [12]–[16]. In addition, 
confining stress, particle morphology, and soil 
fabric are known to influence the undrained 
response of silty sands [17]–[21].  

Beyond liquefaction initiation, fines content 
also affects post-liquefaction behavior by 
modifying soil packing and contact fabric. For very 
loose sands, post-liquefaction residual strength is 
typically low and primarily governed by the 
looseness of the sand skeleton, while fines tend to 
influence contractive tendency and the rate of 
strength degradation rather than producing a 
systematic increase in residual strength. A large 
proportion of previous liquefaction studies has 
focused on cyclic loading relevant to triggering 
mechanisms[22][23]. In contrast, post-liquefaction 
residual shear strength controlling large-
deformation behavior and flow mobility is more 
appropriately evaluated using monotonic 
undrained loading [24].  

Concepts from critical-state and steady-
state soil mechanics provide a useful qualitative 
framework for interpreting stress-path stabilization 
and residual strength mobilization at large strains 
under undrained loading. Experimental studies on 
silty sands from various geological settings have 
reported a wide range of post-liquefaction residual 
strengths, reflecting the influence of material 
characteristics, fines content, and initial density 
[25][26]. However, laboratory measurements of 
post-liquefaction residual shear strength for 
Petobo silty sand remain unavailable to date [27]. 

Within this context, the present study 
addresses the following research question: to 
what extent does fines content influence the 
normalized post-liquefaction residual shear 
strength of very loose Petobo silty sand under 
undrained loading, and how does this behavior 
relate to the long-runout flow deformation 
observed during the 2018 Palu event?  

 

The objective of this study is to provide 
laboratory-based residual shear strength data for 
Petobo soil, quantify the influence of fines content 
under very loose density conditions, and offer 
mechanistic insight into the 2018 flowslide. The 
findings provide essential input for back-analysis, 
numerical modeling, and liquefaction hazard 
assessment in Palu and similar alluvial 
environments. 

 
State-of-the-Art Comparison and Novelty 

Previous studies on liquefaction-induced 
flow failures have addressed cyclic loading 
behavior, liquefaction triggering, and flow 
mechanisms primarily through field case histories, 
numerical back-analyses, centrifuge modeling, 
and cyclic laboratory tests [1, 3, 7, 8, 28, 29]. 
Within soil mechanics research, undrained 
monotonic tests have been widely employed to 
investigate steady-state or critical-state behavior 
of clean sands and silty sands, often using 
idealized or reconstituted materials and focusing 
on constitutive modeling or state-parameter 
characterization rather than on experimentally 
measured residual strength directly applicable to 
documented flow failures [27][30]–[33]. 

In contrast to these studies, laboratory 
investigations providing directly measured post-
liquefaction residual shear strength of natural silty 
sands from documented long-runout flow-
liquefaction sites remain limited. In particular, 
consolidated undrained monotonic triaxial 
measurements of residual strength for Petobo silty 
sand have not been reported in the published 
literature, despite its central role in the long-runout 
flow deformation during the 2018 Palu earthquake 

The novelty of the present study lies in 
providing the first direct laboratory-measured 
post-liquefaction residual shear strength data for 
Petobo silty sand obtained from controlled 
consolidated undrained monotonic triaxial tests, 
explicitly addressing the influence of fines content 
under very loose density conditions. By focusing 
on large-strain residual strength rather than 
liquefaction triggering, the study bridges the gap 
between laboratory soil mechanics and back-
analysis of the long-runout flow failures observed 
during the 2018 Palu event. 

 
METHOD 

In this study, residual strength was 
evaluated directly from monotonic consolidated 
undrained (CU) triaxial tests at large strains. 
Critical-state soil mechanics concepts were used 
only at a qualitative level to interpret the tendency 
toward post-peak stabilization and steady stress 
response under undrained loading.  

.   
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Material 
The soil samples were collected from the 

Petobo Sub-district, Palu City, one of the areas 
most severely affected by liquefaction during the 
28 September 2018 earthquake. The Petobo area 
experienced large-scale flow liquefaction with a 
runout distance of approximately 2.1 km, resulting 
in massive ground displacement and widespread 
destruction of residential areas. 

The tested soils were obtained from a loose 
sand layer near the ground surface within the flow-
affected zone. Two types of samples were 
collected to represent different fines contents and 
geomorphological settings within the Petobo 
flowslide area 

The low-fines sample (TG, FC = 9%) was 
collected from a drainage dike location 

corresponding to the upstream initiation zone of 
the flow liquefaction. The high-fines sample (AP, 
FC = 26.4%) was collected from a residential area 
within the main flow-affected zone that 
experienced extensive lateral spreading and large 
ground displacement. 

An overview of the affected area and 
sampling locations is shown in Figure 1. 
Throughout this paper, TG and AP denote 
samples collected from the drainage dike 
(Tanggul Saluran) and residential area (Area 
Perumahan), respectively. The numerical suffix 
(1-3) indicates the level of initial mean effective 
stress applied during consolidation (100, 150, and 
200 kPa). 

Figure 1. Sampling locations in Petobo: (a) drainage dike (Location A), (b) area affected by massive 
ground flow (Location B), (c) overview of the flow liquefaction-affected zone 
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Figure 2. Grain size distribution of soil samples with fines content of 9% and 26.4% 

 
Soil Characterization 

The index properties of the soil were 
determined using standard ASTM and SNI 
procedures, including grain size distribution 
(ASTM D6913 for sieve analysis, ASTM D7928 for 
hydrometer analysis, and SNI 3423:2008), 
specific gravity (ASTM D854), maximum and 
minimum index densities (ASTM D4253 and 
ASTM D4254), Atterberg limits (ASTM D4318), 
and natural water content (ASTM D2216). The 
grain size distribution curves were presented in 
Figure 2, and the index properties were 
summarized in Table 1. 

 
Table 1. Index properties of Petobo sand 

samples with fines contents of 9% and 26.4% 
Index Properties Sample A Sample B 

Gs 2.7 2.69 
Gravel (%) 0 0 

Coarse Sand (%) 1.17 0.09 
Medium Sand (%) 39.58 13 
Fine Sand (%) 50.25 59 
Fines Content 9.01 26.37 

D50 (mm) 0.32 0.15 
D10 (mm) 0.08 0.02 
D30 (mm) 0.18 0.09 
D60 (mm) 0.35 0.18 

𝐶𝑐 1.23 2.05 
𝐶𝑢 4.67 8.18 

PL (%) NP 20.65 
PI (%) 0 13.65 

Soil Classification 
(USCS) 

SP - SM SC 

𝜌𝑑 𝑚𝑎𝑥  (Mgr/cm3) 1.48 1.60 
𝜌𝑑 𝑚𝑖𝑛  (Mgr/cm3) 1.20 1.22 

𝑒𝑚𝑎𝑥  1.250 1.209 
𝑒𝑚𝑖𝑛 0.821 0.680 

 

 

 

 

 

Two groups of soils were identified: 

1. Low-fines sand (TG, FC = 9%), approaching 
clean sand, obtained from Location A 
(Figures 1a and 1c). 

2. High-fines sand (AP, FC = 26.4%) classified 
as SC according to the Unified Soil 
Classification System (USCS). However, 
based on visual observation and mechanical 
behavior, this soil more closely resembles 
silty sand. It was obtained from Location B 
(Figures 1b and 1c). 

 
Specimen Preparation 

Six cylindrical specimens (38 mm in 
diameter and 76 mm in height) were prepared: 
three TG specimens (FC = 9%) and three AP 
specimens (FC = 26.4%), each tested under initial 
mean effective stresses of 100, 150, and 200 kPa.  

All specimens were prepared in a very 
loose condition, with relative densities ranging 
from approximately 11% to 20%, consistent with 
the loose fabric observed in the field. This 
preparation aimed to promote contractive 
behavior and allow convergence toward a 
stabilized post-peak condition during monotonic 
undrained loading. 

The moist tamping (undercompaction) 
method (Figure 3), originally proposed by Ladd 
and widely recommended for silty sands [33][34] 
was adopted because it enabled very loose 
specimen preparation representative of post-
liquefaction conditions, minimized fines 
segregation, and was more practical than air 
pluviation or slurry deposition 
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Figure 3. Specimen preparation using the moist 

tamping (undercompaction) method 
 
Consolidated Undrained (CU) Triaxial Test 
Procedure 

Monotonic Consolidated Undrained (CU) 
triaxial compression tests were conducted in 
accordance with ASTM D4767 (2011) and SNI 03-
2455:1991 (Figure 4). The CU test was selected 
because it simulated the undrained behavior of 
saturated soils under axial loading and allowed 
measurement of excess pore water pressure (𝛥𝑢), 

deformation, and the effective stress path (𝑝’ − 𝑞) 
The testing procedure consisted of the 

following stages: 

Saturation stage 
The specimens were saturated by applying 

back pressure until the Skempton parameter (B-
value) reached ≥ 0.95. This step was essential to 
ensure full saturation so that any volume change 
was entirely governed by pore water pressure. 
Ensuring full saturation and consistent test 
repeatability aligned with recommended 
laboratory procedures for obtaining reliable large-
strain behavior in triaxial testing [33]. 

 
Isotropic consolidation stage 

Once saturation was achieved, the 
specimens were isotropically consolidated under 
initial mean effective stresses (𝑝′₀) of 100, 150, 
and 200 kPa. These stress levels simulated 
different in-situ effective stress conditions 
corresponding to soil depth. This stress range 
reflected the effective stress conditions of the 
upper 5-10 m of the Petobo deposit, which 
corresponded to the zone where liquefaction 

triggering and flow deformation were observed 
during the 2018 Palu event. 

 
Monotonic shearing stage  

The specimens were axially loaded under 
strain-controlled conditions at a constant rate of 
0.05 mm/min. The tests were continued until axial 
strains exceeded 20% to ensure that the soil 
specimens reached a stabilized post-peak stress 
condition, which is conceptually consistent with a 
critical-state-like response at large strains.  
During the shearing stage, drainage was 
prevented, and excess pore-water pressure was 
continuously measured, confirming undrained 
conditions 
 
Repeatability and Error Control 

Each test condition was performed at least 
twice to verify repeatability. Differences in peak 
and residual deviator stresses remained within 
±5%, which is consistent with widely accepted 
laboratory practice for monotonic triaxial testing of 
natural sands, as reported in recent experimental 
studies [24][27]. Average values from the 
repeated tests were used in the analysis, and any 
test showing deviations beyond this threshold was 
excluded. The consistent trends confirm that the 
measured stress-strain response and residual 
strength are representative and reliable 

 

 
Figure 4. Consolidated Undrained (CU) triaxial 

compression test apparatus 
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Test Data and Graphical Results 
The CU tests produced the following 

curves: 
1. stress-strain curves (𝑞 − 𝜀), 
2. excess pore water pressure development 

(𝛥𝑢 − 𝜀), and 

3. effective stress paths (𝑝′ − 𝑞). 
 

Parameter Calculation 
1. Deviator stress (𝒒): 

𝑞 = (𝜎′1′ − 𝜎′3)                                          (1) 

where 𝜎′1 and 𝜎′3 were the major and minor 
effective principal stresses, respectively. 
This parameter represented the mobilized 
shear stress in the specimen and quantified 
the shear resistance developed during 
undrained shearing. 

2. Mean effective stress (𝒑′): 

𝑝′ =  
1

3
 (𝜎′

1 + 2𝜎′
3)                                    (2) 

This parameter represented the average 
effective stress carried by the soil skeleton 
after accounting for pore-water pressure and 
was used to construct the effective stress 
path. 

3. Excess pore water pressure (𝜟𝒖): 
The excess pore water pressure, 𝛥𝑢, 
represented the pore pressure generated 
during axial loading. It was continuously 
recorded to illustrate the mechanism of 
effective stress reduction and to identify the 
tendency toward contractive or dilative soil 
response. 

These parameters were computed at each loading 
increment to capture the evolution of stress and 
pore-pressure during undrained shearing 
 
Justification for Using Monotonic CU Triaxial 
Tests 

Although liquefaction in the field is a cyclic 
phenomenon, cyclic triaxial tests were often 
difficult to control at large strains because very 
loose silty sands rapidly lost stiffness and could 
reach instability before a residual condition was 
achieved [9]. Monotonic undrained triaxial tests 
overcame this limitation by allowing continuous 
shearing to large strains, thereby enabling direct 
measurement of residual or steady-state shear 
strength under a controlled stress path [25].  

This approach has long been used for post-
liquefaction characterization and has continued to 
be supported by recent studies showing that 
monotonic and cyclic responses can be 
interpreted consistently within modern critical-
state-based or equivalent-state conceptual 
frameworks [30][32]. Updated laboratory 
recommendations have further emphasized the 
suitability of controlled monotonic shearing for 

obtaining reliable large-strain strength 
characteristics in cohesionless soils [33]. Based 
on these considerations, the monotonic 
Consolidated Undrained (CU) triaxial test was 
selected to evaluate the post-liquefaction residual 
behavior of Petobo silty sand using a critical-state, 
informed qualitative interpretation. 

 
Data Analysis 

In this study, concepts from critical-state soil 
mechanics are invoked solely as a qualitative 
interpretative framework to describe stress 
stabilization at large strains under undrained 
loading. No attempt is made to establish a Critical 
State Line in 𝑒 − 𝑙𝑜𝑔 𝑝′  space or to evaluate state 
parameters, as the focus of the study is the 
experimental quantification of post-liquefaction 
residual strength, rather than formal state 
characterization or constitutive modeling. 
Accordingly, the term “critical state” is used herein 
in a descriptive mechanical sense, referring to a 
steady post-peak stress condition observed 
experimentally. 

From a critical-state perspective, soil 
behavior is governed primarily by void ratio and 
effective stress. In the present experimental study, 
relative density (𝐷𝑟) is therefore used only as a 
practical descriptor of the initial void ratio condition 
of the specimens and is not treated as a 
fundamental state variable. Under undrained 
loading, this initial condition manifests through 
stress-path evolution and excess pore-water 
pressure generation, leading to a contractive 
response and post-peak stabilization. 

The experimental results were interpreted 
based on the observed stress-strain response and 
pore pressure evolution under undrained loading 
conditions. The analysis focused on the evolution 
of deviator stress (𝑞), mean effective stress (𝑝′) 
and excess pore water pressure (𝛥𝑢) during 
monotonic shearing, from initial loading through 
post-peak behavior until a stable response was 
reached at large strains. This stable post-peak 
condition was taken to represent the residual 
shear strength of the soil.  
 
Definition of Residual Strength and Steady 
Post-Peak Condition 

In this study, the term steady post-peak 
condition refers to an experimentally observed 
stabilized stress response at large strains under 
undrained loading, identified from the 
convergence of stress-strain behavior and 
effective stress paths. This condition is 
mechanically consistent with what is commonly 
described in the literature as a steady-state or 
critical-state-like condition, but is used here strictly 
in a descriptive sense, without implying formal 
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critical state characterization, uniqueness of a 
critical state locus, or evaluation of state 
parameters. The term residual strength denotes 
the magnitude of shear resistance mobilized 
under this stabilized post-peak condition. 
 
Determination of Residual Strength (𝑞 𝑟𝑒𝑠) 

Residual strength (𝑞 𝑟𝑒𝑠) was defined as the 
average deviator stress measured over the large-
strain plateau region, typically observed at axial 
strains of about 15-20% or greater, once a steady 
post-peak condition was reached. In the present 
tests, stable residual conditions were attained at 
axial strains exceeding approximately 30%, where 
both deviator stress (𝑞) and mean effective stress 
(𝑝′) approached near-constant values under 
undrained monotonic loading. This strain 
threshold was identified directly from the 
experimental stress-strain responses, as 
stabilization was not observed at lower strains. 

No attempt was made to establish a formal 
critical state line in 𝑒 − 𝑙𝑜𝑔 𝑝′ space or to evaluate 
the state parameter, as the objective of this study 
was not state characterization or constitutive 
modeling. Instead, the focus was placed on 
experimentally observed residual strength and its 
relevance to post-liquefaction stability and flow 
deformation in loose silty sand. 

The influence of fines content on stress-
strain evolution and the resulting residual strength 
was evaluated to elucidate the post-liquefaction 
behavior of Petobo silty sand 
 
RESULTS AND DISCUSSION 

As stated earlier, concepts from critical-
state soil mechanics were employed only as a 
qualitative interpretative framework to describe 
stress-path stabilization and residual strength 
mobilization at large strains, including the 
attainment of a steady post-peak (steady-state-
like) without attempting state-based soil 
characterization or constitutive modeling. 

 
Table 2. Summary of CU triaxial test results 

Fine 
Content 
(FC %) 

𝒑′₀  
(kPa) 

𝒒 𝒎𝒂𝒙 
(kPa) 

𝜟𝒖 

(kPa) 

(𝑞 𝑟𝑒𝑠) 
(kPa) 

𝒒 𝒓𝒆𝒔

/𝒑′₀ 

9 100 106.13 62.10 89.47 0.89 

9 150 134.36 95.40 126.91 0.85 

9 200 186.62 123.20 177.73 0.89 

26.4 100 104.75 62.35 93.54 0.94 

26.4 150 130.21 102.00 118.30 0.79 

26.4 200 190.04 127.60 178.12 0.89 

      

 
 

The results of the CU triaxial tests on 
Petobo sand were summarized in Table 2, which 
presented the maximum deviator stress (𝑞𝑚𝑎𝑥), 

maximum excess pore water pressure (𝛥𝑢𝑚𝑎𝑥), 
and residual strength for the two fines contents 
(9% and 26.4%) under three levels of confining 
stress, or initial mean effective stress (𝑝′0 = 100, 
150, and 200 kPa). The corresponding stress-
strain (q– ε), pore-pressure-strain (Δu– ε), and and 

effective stress path (p'– q) responses were 
illustrated in Figures 5-7 
 
Stress-Strain Behavior (𝒒 − 𝜺) 

The stress-strain curves (Figure 5) 
exhibited a characteristic response of very loose 
silty sand, marked by a rapid increase in deviator 
stress at small strains followed by a broad plateau 
extending to large strains (𝜀 > 30%). Pronounced 
strain softening was not observed; instead, 
deviator stress gradually approached a nearly 
constant level, indicating that the specimens 
attained a steady post-peak condition 
characterized by stabilized stress response at 
large strains. 

The peak deviator stress (𝑞𝑚𝑎𝑥) increased 
systematically with the initial mean effective stress 
(𝑝′0) reflecting the effect of consolidation level on 
peak resistance under undrained loading. 

Differences in 𝑞𝑚𝑎𝑥, between the two fines 
contents were relatively small (generally within 1-
5%), reflecting that at very loose densities (𝐷𝑟 = 

11% for FC 9% and 𝐷𝑟 = 20% for FC 26.4%), peak 
shear response is governed predominantly by the 
sand skeleton. The influence of fines content was 
more evident in pore-pressure generation and 
effective stress path curvature rather than in peak 
deviator stress. 

The Petobo silty sand exhibited moderate 
post-peak behavior, with a gradual transition 
toward a stable post-peak condition rather than 
abrupt strain softening. This response is attributed 
to the combined effect of non-plastic fines and 
particle characteristics of the volcanic-derived 
material, which moderated the post-peak strength 
degradation. Nevertheless, all specimens 
mobilized low normalized residual strength ratios  
(𝑞𝑟𝑒𝑠/𝑝′₀= 0.79-0.94), indicating high susceptibility 
to flow-type deformation once liquefaction was 
triggered. 
 

 
 
 
 
 
 
 
 



SINERGI Vol. 30, No. 1, February 2026: 273-286  

 

280 D. Vidayanti et al., Stress-strain behavior and residual strength of Petobo sand with … 

 

 
Figure 5. Stress-strain behavior of Petobo sand, expressed in terms of deviator stress (𝑞) versus axial 
strain (𝜀), at fines contents of 9% and 26.4% under effective confining stresses of 100, 150, and 200 

kPa. TG: drainage dike sample (FC = 9%); AP: residential area sample (FC = 26.4%). 
 
 
Excess Pore Water Pressure Development 
(𝜟𝒖 − 𝜺) 

The (𝛥𝑢 − 𝜀) curves (Figure 6) showed a 
rapid increase in excess pore water pressure at 
small strains (<10%) for all specimens, indicating 
strongly contractive behavior typical of very loose 
sands. Both fines-content groups reached similar 
maximum excess pore-pressures Δumax 
demonstrating that at very low relative densities 
the dominant factor governing pore-pressure 

buildup was the loose, compressible sand 
skeleton rather than fines content alone. 

Specimens with 26.4% fines generated 
slightly higher 𝛥𝑢 at intermediate strains, but the 

overall difference in 𝛥𝑢𝑚𝑎𝑥 between the two fines 
contents remained modest (generally within 5%). 
This observation suggests that within the tested 
density range, fines content influences the rate 
and shape of pore-pressure development more 
strongly than its ultimate magnitude 

Figure 6. Excess pore water pressure-axial strain 𝛥𝑢𝑚𝑎𝑥 behavior of Petobo sand with fines contents 
of 9% and 26.4% under effective confining stresses of 100, 150, and 200 kPa. TG denotes the 
drainage dike sample (FC = 9%), while AP denotes the residential area sample (FC = 26.4%) 
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Steady-State Stress Ratio under Undrained 
Loading 

Under monotonic consolidated undrained 
(CU) loading, reconstituted Petobo silty sand 
specimens consistently approached a stable post-
peak stress condition at axial strains of 
approximately 15-20%, at which both deviator 
stress (𝑞) and mean effective stress (𝑝′) became 

nearly constant. The stress ratio (𝑞/𝑝′) measured 
at this large-strain stage was used to characterize 
the post-peak stabilized response under 
undrained conditions. 

The computed stress ratios showed good 
consistency within each fines-content group, with 
average values of approximately 1.31 for FC = 9% 
and 1.36 for FC = 26.4% (Table 3) 

These values fall within ranges commonly 
reported for loose silty sands and volcanic-derived 
granular materials under undrained shearing. 
Previous studies indicate that fines content 
primarily influences contractive tendency and 
stress-path curvature rather than producing 
pronounced differences in the ultimate steady 
stress ratio at large strains, which is consistent 
with the present results.  

Table 3. Summary of Steady Post-Peak 
Stress Ratio under Undrained Loading. The 
steady post-peak stress ratio (𝑞/𝑝′) is defined as 
the stress ratio measured at large strains after 
stress stabilization under undrained loading, 
representing the post-peak residual response of 
the soil rather than a formally defined critical state. 

Although the tests were conducted under 
controlled effective confining stresses, the 
evolution of mean effective stress during 
undrained shearing played a key role in governing 
the observed stress-strain response 
 

Table 3. Summary of Steady Post-Peak Stress 
Ratio under Undrained Loading 

Speci
men 

FC 
(%) 

𝒑′₀  

(kPa) 

𝒒

𝒑′
(𝑷𝒐𝒔𝒕 𝑷𝒆𝒂𝒌) Observed 

response 

TG1 9 100  1.321   Cont 

TG2 9 150 1.310 Cont 

TG3 9 200 1.306 Cont 

Average (FC = 9%) 1.312  
 

AP1 26.4 100 1.359 Cont 

AP2 26.4 150 1.353 Cont 

AP3 26.4 200 1.352 Cont 

Average (FC = 26.4%) 1.355 
 

Note: Cont = contractive 
  

 
 
 
 

Effective Stress Path (p'– q) 
From a critical-state soil mechanics 

perspective, the contractive behavior summarized 
in Table 3 was interpreted based on the undrained 
effective stress-path response, without attempting 
a formal determination of the critical state line or 
state parameters. Under undrained loading, 
contractive behavior was characterized by a 
progressive reduction in mean effective stress 
accompanied by positive pore-water pressure 
generation, which was manifested by a 

downward-leftward (p'– q) stress path at large 
strains (Figure 7) 

The effective stress paths (Figure 7) 
consistently moved downward to the left, reflecting 
the progressive reduction in mean effective stress 
(𝑝′) associated with contractive behavior under 
undrained loading. Specimens with higher fines 
content shifted more rapidly toward lower 𝑝′ at 
small strains, indicating greater excess pore water 
pressure generation. At larger strains, however, 
stress paths for both fines contents converged 
toward similar stabilized post-peak conditions 

Although high-fines specimens were initially 
more contractive, they ultimately mobilized 
comparable or slightly higher normalized residual 
strength ratios (𝑞𝑟𝑒𝑠/𝑝′₀ = 0.79-0.94) compared 

with low-fines specimens (𝑞𝑟𝑒𝑠/𝑝′₀ = 0.85-0.89) 
(Table 2).  

This behavior suggests that fines content 
enhances early-stage contractive response while 
potentially improving particle packing and 
interparticle contact at large strains. Overall, the 
influence of fines on liquefaction response is 
nonlinear, emphasizing the need to distinguish 
between liquefaction initiation susceptibility and 
post-liquefaction stability. 

At large axial strains, the effective stress 
paths converged toward a stable post-peak 
condition, where both deviator stress (𝑞) and 

mean effective stress (𝑝′) changed only marginally 
with continued straining, indicating mobilization of 
residual shear resistance under undrained 
loading.This interpretation is based on the 
observed stabilization of stress paths rather than 
on a formal determination of a critical state line or 
state parameters, while differences in fines 
content primarily influenced early-stage 
contractive behavior and pore-pressure 
generation. 
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Figure 7. Effective stress paths (p'– q) of Petobo sand with fines contents of 9% and 26.4% during 
undrained shearing under effective confining stresses of 100, 150, and 200 kPa. TG denotes the 

drainage dike sample (FC = 9%), while AP denotes the residential area sample (FC = 26.4%) 
 
Empirical Relationship and Interpretation of 
Post-Peak Undrained Behavior and Residual 
Strength 

The normalized residual strength ratio 
(𝑞𝑟𝑒𝑠/𝑝′₀) exhibited only minor variation between 
the two fines-content groups, with nearly identical 
average values of approximately 0.88. This result 
indicated that at very loose initial densities (𝐷𝑟 = 
11-20%), fines content did not systematically 
control residual strength. Instead, post-
liquefaction resistance was governed primarily by 
the loose sand skeleton and the effective stress 
level at the onset of steady post-peak shearing. 

A simple linear regression was performed 
across all six specimens to examine the empirical 
relationship between fines content (FC) and 
normalized residual strength. The resulting 
relationship can be written as (3) 
𝑞𝑟𝑒𝑠

𝑝′
0

⁄ =  −0.00019 ⋅ 𝐹𝐶 + 0.878                     (3) 

As shown in (3), the regression exhibited a 
near-zero slope and a very low coefficient of 
determination, indicating that fines content was 
not a dominant predictor of residual strength under 
the very loose density conditions tested. 

From a mechanical perspective, the limited 
influence of fines content on residual strength can 
be explained by the very loose initial packing 
condition of the specimens. Although relative 
density is commonly used to describe initial soil 
state, from a critical-state perspective soil 
behavior is governed by void ratio and effective 
stress rather than relative density alone. In this 
study, relative density serves only as a practical 

descriptor of the initial packing condition. Under 
such very loose conditions, fines primarily modify 
soil fabric and contractive tendency, which affects 
pore-pressure generation and the shape of the 
effective stress path during early stages of 
undrained shearing. However, once large strains 
are reached and a steady post-peak condition is 
attained, the residual strength is controlled mainly 
by the collapse of the loose sand skeleton and the 
effective stress level, resulting in similar 
normalized residual strength ratios despite 
differences in fines content. 

Table 3 summarizes  the steady post-peak 
stress ratios (𝑞/𝑝′) identified from the large-strain 
portion of the effective stress paths. The 
measured ratios range from 1.306 to 1.359 and 
were similar for both fines contents, indicating 
convergence toward comparable stabilized post-
peak stress conditions despite differences in 
early-stage contractive behavior. This similarity in 
stress ratios confirms that the specimens reached 
mechanically equivalent steady conditions, 
supporting the interpretation that fines content 
influenced the stress-path evolution rather than 
the ultimate residual strength. 

 
Effect of Initial Mean Effective Stress (𝑝′₀) 

Increasing the initial mean effective stress 
from 100 to 200 kPa increased the absolute 
residual strength (𝑞 𝑟𝑒𝑠 increased from 
approximately 90 kPa to 180 kPa for both fines 
contents); however, the normalized residual 
strength ratio (𝑞𝑟𝑒𝑠/𝑝′₀  = 0.85-0.89) did not 
increase proportionally. This stress-ratio dilution 
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effect is consistent with critical-state 
interpretations, in which higher initial effective 
stress increases absolute shear capacity without 
a corresponding increase in normalized post-peak 
strength. 

This laboratory trend is consistent with field 
observations from Petobo, where deeper layers 
subjected to higher overburden stresses likely 
mobilized lower normalized residual strength 
ratios, while shallower loose layers experienced 
greater displacement and more extensive flow 
deformation during the 2018 event. 
 
Comparison with Previous Studies 

Previous studies have shown that the 
influence of fines content on liquefaction behavior 
depends strongly on the initial density and soil 
fabric. At comparable stress and density 
conditions, variations in fines content tend to have 
a limited effect on the undrained response, as the 
behavior is governed primarily by the overall 
stress-density state [19]. 

Dynamic centrifuge studies further indicate 
that non-plastic fines may increase liquefaction 
resistance in medium-dense sands, whereas their 
influence becomes less pronounced when soil 
behavior is controlled mainly by density and 
effective stress level [14]. Most of these studies 
focus on liquefaction triggering or failure mode 
transition rather than on the stabilized response at 
large strains. 

In the present study, specimens were 
tested under very loose and constrained initial 
states. The results show that variations in fines 
content significantly affect the early-stage 
undrained response, particularly excess pore-
water pressure generation and effective stress 
path evolution. However, once a stabilized post-
peak condition is reached at large strains, the 
residual strength remains broadly comparable 
across the tested fines contents.  

This indicates that post-liquefaction 
resistance under very loose conditions is 
governed predominantly by the overall stress–
density state, with fines influencing mainly the 
stress-path development rather than the residual 
strength level.  

 
Practical Implications for Back-Analysis and 
Engineering Assessment 

The residual strength ratios obtained in this 
study provide practical input parameters for back-
analysis and numerical modeling of liquefaction-
induced flow deformation in Petobo and similar 
deposits. Previous numerical studies have 
demonstrated that predicted runout distances are 
highly sensitive to the assumed post-liquefaction 
residual strength. Accordingly, the experimentally 

derived values (𝑞𝑟𝑒𝑠/𝑝′₀ = 0.79-0.94) define a 
realistic lower-bound range for post-liquefaction 
resistance suitable for engineering analyses. 

For typical effective stress levels in the 
shallow Petobo deposits (𝑝′0 = 100-200 kPa), the 
corresponding residual shear strengths (𝑞𝑟𝑒𝑠 = 90-

180 kPa or Su,res =  qres/2 = 45-90 kPa) represent 

the stress levels governing post-liquefaction 
mobility rather than peak resistance. These results 
indicate that assuming higher residual strength 
values based solely on fines content may lead to 
unconservative deformation predictions. 

The experimentally derived residual 
strength ratios reported herein provide practical 
inputs for back-analysis and risk-informed 
engineering assessment of liquefaction-induced 
flow-type ground deformation. In a broader 
geotechnical hazard context, recent studies have 
emphasized the importance of pore-water 
pressure processes and mitigation-oriented 
assessment for stability and infrastructure 
performance under natural hazards [35][36]. 

 
Implications for Post-Liquefaction Stability 
and Relevance to the 2018 Palu Flowslide 

Both low and high-fines Petobo sand 
specimens mobilized low normalized residual 
strength, confirming high susceptibility to flow-type 
deformation once liquefaction was triggered. 
Differences between fines contents were not 
systematic across all stress levels, reinforcing that 
fines content alone does not control residual 
strength under very loose density conditions. 

The residual strength data presented in this 
study provide the first laboratory-based 
experimental reference for Petobo silty sand, 
helping to explain the exceptional mobility 
observed during the 2018 Palu flowslide and 
supplying essential parameters for future back-
analyses, numerical modeling, and liquefaction 
hazard assessment in Palu and comparable 
alluvial environments. 
 
Research Limitations 

This study was based on six reconstituted 
specimens tested under monotonic consolidated 
undrained (CU) triaxial loading. While this 
approach was effective for characterizing post-
liquefaction residual behavior and post-peak 
stress stabilization, it did not capture cyclic stress 
accumulation mechanisms governing liquefaction 
triggering during earthquakes. The use of 
remolded specimens prepared by moist tamping 
also limited representation of natural depositional 
fabric and stratigraphic variability in the Petobo 
deposits. 
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The tests were conducted on very loose 
silty sands, and extended specimen preparation 
required to achieve full saturation may have 
introduced minor uncertainties in saturation 
uniformity. Accordingly, the results should be 
interpreted as controlled laboratory observations 
of fundamental stress-strain response, pore-
pressure generation, and residual strength under 
undrained monotonic loading, rather than as a 
comprehensive representation of in-situ field 
behavior. 

Future research should incorporate cyclic or 
simple shear testing, alternative reconstitution 
methods, and larger datasets to improve 
generalization. Numerical back-analyses of the 
2018 Petobo flowslide using the residual strength 
values obtained herein are also recommended to 
strengthen the linkage between laboratory-scale 
behavior and field-scale deformation. 
 
CONCLUSION 

This study demonstrates that loose Petobo 
sand is highly susceptible to liquefaction, as 
indicated by rapid excess pore-water pressure 
buildup and effective stress paths converging 
toward a stabilized post-peak stress condition. 
Although fines content influenced early-stage 
contractive behavior and pore-pressure 
generation, its effect on the ultimate post-
liquefaction resistance was limited. The 
normalized residual strength ratios for both fines 
levels fell within a narrow range (qres/p'₀  = 0.79 - 
0.94) indicating that residual shear resistance was 
governed primarily by the very loose sand fabric 
and the effective stress level at the steady post-
peak condition rather than by fines content. 

These findings help clarify differences 
reported in previous studies regarding fines-
dependent variations in post-liquefaction 
resistance. Under very loose initial density 
conditions, the influence of fines on residual 
strength diminished, and post-liquefaction 
behavior became dominated by fabric 
rearrangement and effective stress loss. This 
clarification improves the understanding of flow-
failure mechanisms observed during the 2018 
Petobo event and provides a clearer empirical 
interpretation of large-strain soil behavior. 

As a preliminary investigation, this study 
was limited by the small number of specimens, the 
use of reconstituted samples, and the absence of 
cyclic loading. Future studies should incorporate 
cyclic and stress-controlled triaxial tests, 
evaluation of equivalent state descriptors, and 
coupled numerical modeling. Formal 
determination of the critical state line in  e-log p'  
space and evaluation of the state parameter (𝜓) 
are also recommended to more rigorously 

distinguish fines-dependent behavior within a full 
critical-state framework.  

Overall, this study fills a critical 
experimental data gap for Palu by providing 
benchmark laboratory-based residual strength 
values that are directly applicable to numerical 
back-analysis, hazard assessment, and disaster 
mitigation planning. The observed steady post-
peak response, which is mechanically consistent 
with steady-state-like or critical-state-like 
behavior, was used strictly as an interpretative 
framework for residual strength mobilization rather 
than as an attempt to advance critical-state theory. 
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